A detailed study of the harmonic technique, which exploits the generation of harmonics resulting from excitation of the nonlinearity of the single Langmuir probe characteristic, is presented. The technique is used to measure electron temperature and its fluctuations in tokamak plasmas and the technical issues relevant to extending the technique to high bandwidth ͑200 kHz͒ are discussed. The technique has been implemented in a fast reciprocating probe in the TEXTOR tokamak, gaining the ability to study denser and hotter plasmas than previously possible. A corrected analytical expression is derived for the harmonic currents. Measurement of the probe current by inductive pickup is introduced to improve electrical isolation and bandwidth. The temperature profiles in the boundary plasma of TEXTOR have been measured with high spatial ͑ϳ2 mm͒ and temporal ͑200 kHz͒ resolution and compared to those obtained with a double probe. The exact expansion of the probe characteristic in terms of Bessel functions is compared to a computationally efficient power series. Various aspects of the interpretation of the measurement are discussed such as the influence of plasma potential and density fluctuations. The technique is well suited to study fast phenomena such as transient plasma discharges or turbulence and turbulent transport in plasmas.
I. INTRODUCTION
Langmuir probes are successfully used in many plasma devices [1] [2] [3] [4] [5] such as plasma reactors, linear machines, and fusion experiments, providing measurements of electron temperature, density, and other parameters. In fusion devices, such as tokamaks, turbulence is found to be responsible for a considerable part of the energy and particle losses in the boundary plasma. [6] [7] [8] [9] [10] [11] Turbulent particle transport studies are routinely performed using multi-pin probe configurations [11] [12] [13] and the different pins are used for simultaneous measurements of fluctuating floating potential Ṽ F poloidal and radial electric fields Ẽ , Ẽ r , the local plasma density n, and its fluctuations ñ . The evaluation of turbulence-driven radial particle transport ⌫ r is possible by cross correlating the fluctuating quantities. Electron temperature fluctuations T e enter the particle flux calculations through the electric field inferred from the difference of floating potentials at spaced probe pins 14 and from the evaluation of density fluctuations from saturation current fluctuations
The contribution of T e on such calculations is often neglected under the assumption, based on limited experimental results, 12, 14 that T e /T e р15% in the edge and that the phase between Ẽ and T e is , corresponding to a strong correlation. Reports 12, 15, 16 of higher levels of temperature fluctuations may bring a certain part of conventional evaluation of particle transport under question. It has been noted 17 that the contribution of temperature fluctuations to the cross-field a͒ Electronic mail: jboedo@ferp.ucsd.edu heat transport cannot be neglected in many cases, thus a reliable database for both T e and its poloidal correlation lengths is needed. The cross-field heat transport can be expressed as the sum of convective and conductive terms Q tot ϭQ cond ϩQ conv ϭ 5 2
͗T e Ẽ ͘ B ϩ 5 2 ⌫ r T e .
A requirement of these measurements, which may not be met by all diagnostic systems, is that all the fluctuating quantities are measured within a correlation length ͑poloidal, radial, and toroidal͒, i.e., that the plasma sampled by the various tips is the same. The probe diagnostic techniques used so far 14, 15 do not necessarily meet the requirements of locality, especially in turbulent conditions. Among the techniques used for these measurements is the triple probe technique. 18 This technique, which is otherwise straightforward, is challenged by the need to sample a small plasma volume with three tips and maintain very accurate tip geometry, especially for high time resolution measurements of turbulent plasmas. The fast-sweep single probe technique presents challenges because the probe characteristics are affected by fluctuating electric fields, resulting in apparent temperature fluctuations, requiring very high sampling rates and multi-parameter fitting. Both these techniques need to reach ion saturation currents and therefore the power supply requirements are stricter than for the floating probe described here.
The main principle of the harmonics technique has been long known 19, 20 and its use in a tokamak plasma was more recently implemented 21 in TEXTOR, albeit in a low bandwidth version. Subsequent measurements with higher temporal resolution ͑10 s͒ were performed in the small tokamak TF-1 IVTAN ͑USSR͒, 22 and the first evaluation of the technique for T e measurements was performed in TEXTOR, 23 where the low signal to noise ratio of the experimental setup limited its use to the scrape-off layer ͑SOL͒ plasma. Past work on this technique has used a technically incorrect expression for the probe current as is demonstrated in Sec. II. This work reports results obtained with an advanced version of the experimental setup working at ϳ2 s resolution and able to reach hotter and denser plasmas due to its implementation in a fast scanning probe. The technique described here is free from nonlocality problems since it uses a single probe tip and is subjected to lower power supply demands because the probe is floating. The high temporal resolution achieved makes this diagnostic an effective tool in investigations of fast plasma phenomena, transient plasma discharges, and as described in this article, tokamak edge turbulence.
Other improvements to the technique are reported, including the use of a Pearson transformer ͑high bandwidth, commercial version of a Rogowski coil͒ to measure the probe currents and matched multipole bandpass filters to improve bandwidth and reduce crosstalk between harmonics. We compare the data to T e measurements obtained by means of a double probe located in the same probe head within 4 mm. A future application of this technique will be to provide measurements of turbulent heat conductivity at the tokamak edge which may be obtained by cross correlating the electric field and electron temperature fluctuations.
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II. BASIS OF THE TECHNIQUE
The technique is based on the nonlinearity of the single Langmuir probe characteristic. The current to the single tip, assuming Maxwellian populations 24 can be written as
where I ϩ ϭ0.5en e Sc s is the ion saturation current, I Ϫ ϭϪ0.25en e Sc e is the electron saturation current, c s ϭ͓k(T e ϩT i )/m i ͔ 1/2 is the sound speed, c e ϭ͓8kT e /m i ͔ 1/2 is the thermal electron velocity, S is the effective collecting area, V s is the plasma potential, V pr is the probe potential, and m i is the ion mass. In the experiments reported here, the probe is always floating dc wise due to the capacitor in series with the probe tip and we can write V pr ϪV 0 ϭU 0 sin t when an oscillating potential of amplitude U 0 and frequency is applied to a floating probe. The operating potential of the tip V 0 is different from the usual floating potential V f as will be shown later. The periodic exponential term can be written 25 in terms of Bessel functions
The probe current density can be written as 
Note that the expansion of the exponential produces a dc ͑nonoscillating͒ current term that has to be accounted for when the floating condition I pr DC ϭ0 is implemented in order to solve for the operating potential V 0 . The operating potential is that at which the total dc current ͑including the acgenerated current or rectification current͒ to the probe is zero. Thus 
where the first two terms ͑dc terms͒ cancel out at all times, as they should for a dc decoupled probe, and we are left with only the ac terms
It should be noted that previous work in this subject [21] [22] [23] ignored the dc term due to the oscillating potential and was therefore carried out using an expression for the probe characteristic
which is technically incorrect because the probes used in past work were dc floating ͑as the one used here͒ and no dc current should be present; but in practice, for small appliedvoltage amplitudes, eU 0 /kTeр1, the inaccuracy is small as long as I 0 Ϸ1. The Bessel functions, I m (eU 0 /T e ) have an argument depending solely on the amplitude of the applied voltage and the electron temperature. The creation of multiple harmonics m when the probe is excited by a frequency is then understood as caused by the nonlinearity of the probe characteristic. The evaluation of T e is possible from the ratio of any two harmonics of the probe current. However, since the harmonic amplitude II ϩ m (eU 0 /T e )/I 0 (eU 0 /T e ) falls rapidly with m, its detection from the background noise soon becomes impractical. The ratio of two harmonics I m , I m Ј is independent of the zero-order Bessel function correction, which cancels out, and therefore previous work on this subject [21] [22] [23] is essentially correct. Inspection of Figs. 2͑a͒ and 2͑b͒ makes evident that the ratio I 2 /I features higher sensitivity than that of other low harmonics for a given eU 0 /kT e , and therefore such ratio is used here
The ratio of the first two harmonics is fairly linear with eU 0 /kT e up to eU 0 /kT e ϭ1 -2, as shown in Fig. 2 , and rolls over above that value, implying loss of sensitivity.
It must be noted that large values of eU 0 /kT e cannot be treated properly by Eq. ͑1͒ because it does not include the electron saturation branch which occurs when eU 0 /kT e ϳ3.5, although in reality Eq. ͑1͒ is probably inaccurate before then. Furthermore, experimental work 26 has shown that the description embodied in Eq. ͑1͒ breaks down for V pr уV f ϩϳkT e roughly corresponding to eU 0 /kT e у1.0 and heretofore considered a practical ͑albeit somewhat arbitrary͒ limit for the harmonic technique.
To evaluate T e in practice, the amplitudes of the first two current harmonics I and I 2 are separated by analog filtering, their ratio calculated and the value of eU 0 /kT e corresponding to that ratio is obtained by inversion of Eq. ͑4͒. Calculation of the inversion is computer intensive and can be simplified by using tabulated values and interpolation or a linear expansion valid for eU 0 /kT e Ͻ1 as seen next.
A. Approximation by series expansion
The Bessel functions can be expressed in a series expansion given by
An analytical expression for the amplitude of the first three harmonics can be obtained by taking the first term of the expansion with the condition eU 0 /kT e Ͻ1 
The amplitude of successive harmonics decays very rapidly. For eU 0 /kT e ϳ0.5 we obtain that I ϭ8I 2 and I ϭ94I 3 .
If we use the ratio of the first two harmonics, the temperature can be expressed as kT e Ϸ eU 0 4
The exact ͑Bessel͒ I 2 /I 1 ratio is compared to the series approximation in Fig. 3 . Quite reasonable accuracy is achieved.
When eU 0 /kT e ϭ1/2 the error is about 1%, as seen in Fig.  3͑b͒ , increasing 5% when eU 0 ϭkT e and diverging rapidly thereafter. For a given harmonic ratio, the exact expression gives a higher eU 0 /kT e ratio for a fixed U 0 and therefore a lower temperature than the series approximation. This effect will be most important for low temperature plasmas, i.e., far into the SOL where eU 0 /kT e Ͼ1.
B. Influence of plasma density and potential fluctuations
Since the plasma potential and density in the tokamak boundary are fluctuating, some current will be driven in the external probe circuit ͑Fig. 4͒ which is floating with respect to the plasma in the dc sense. The main effect of potential fluctuations is a shift of the operating point along the probe characteristic. In general, this effect is not important as long as the operating point belongs to the exponential portion of the probe characteristic and is not approaching the electron branch. In order to evaluate the effect of potential fluctuations, we can write the probe potential as
where Ṽ s reflects fluctuations in the plasma potential, the term ͗V s ͘ drives no current due to its definition and V c is the potential drop across the isolating capacitor. We will use Eq. ͑1͒ Both approaches agree up to eU 0 /kT e ϳ1. The error incurred by using the series approximation is below 20% for eU 0 /kT e up to ϳ2.5 ͑b͒.
current harmonics as e eṼ s /kT e and will cancel out when the ratio of two harmonics is computed. The frequency components of the fluctuations do not overlap due to the filters and the frequency and bandwidth choices. Parallel reasoning applies to the effects of density fluctuations on the T e measurement. The method is therefore intrinsically insensitive to plasma fluctuations.
It is to be noted that for typical TEXTOR plasma conditions, with eṼ s /kT e р0.6, the applied oscillations remain in the exponential part of the probe characteristic. In the event of very high potential fluctuations, the operating point of the probe will shift towards the ion saturation region as discussed in Sec. II.
III. EXPERIMENTAL SETUP
The dc floating probe tip is incorporated in a fast scanning probe located in the outer midplane of the tokamak 5 and excited by an external 300 W rf amplifier, driven by a function generator at 400 kHz. A block schematic of the system is presented in Fig. 4 , and the components of the system will be described in detail in the upcoming sections. The power amplified rf signal from the function generator is applied between the probe pin and ground. The tip is made to float by including a capacitor in series. The current flows from the rf power supply, through the isolating capacitor to the probe tip, through the plasma and back to ground. The 0.068 F isolation capacitor in series with the tip can withstand 3 kV.
The tip current is detected inductively, amplified and fed to two bandpass filters that select the first and second harmonic components of the current, I and I 2 . The signals at the output of the filters are modulated by the density, potential, and electron temperature fluctuations. The signals can be recorded at this stage with fast data loggers ͑1-2 Ms/s͒ and large amounts of transient memory, but we have chosen to implement peak detectors between the filters and the data loggers as shown in Fig. 4 and detailed in Fig. 6 . The peak detectors produce the modulated envelopes of the signals that are then processed following Eqs. ͑4͒ and ͑6͒.
A. Probe
The fast reciprocating probe system in TEXTOR, described in detail elsewhere, 5 features a probe head with five graphite tips assembled on a boron nitride matrix. All but the foremost 0.5 cm of the head is covered by a graphite shroud 15 cm long and 2.5 cm in diameter. The probe is inserted into the plasma by a pneumatic mechanism for about 300 ms during the stationary portion of the TEXTOR discharge. The inward plunge lasts about 80 ms while outward plunge lasts 120 ms. The dwell time is 80 ms. Data are acquired continuously during the probe insertion and retraction and thus radial profiles are obtained. The probe system cabling, shaft construction, feedthrough, and external circuitry support a bandwidth of dc to 3 MHz. One of the probe tips ͑1.5 mm long and 1.5 mm in diameter͒ was used for the T e measurements using the technique reported here while two other tips were connected to a double probe system to provide a direct comparison of the results by both methods.
Driver stage
Since we will apply the technique to tokamak edge fluctuations, we need to evaluate the operating frequency and bandwidth we must detect. The typical frequency and bandwidth of edge plasma turbulence in tokamaks are well known. 5 For TEXTOR the power of the microturbulence 6 peaks at 50 kHz or less and decays quickly down a factor of 100 at 150-250 kHz. In order to record the T e fluctuations, the driving frequency has to well be above the frequencies of plasma fluctuations, i.e., f Ͼ200 kHz. The voltage to temperature ratio must be maintained in the range 0.5ϽeU 0 /kT e Ͻ1.5 ͑ideally eU 0 /kT e ϭ1͒ as discussed in Sec. III. The driving stage must have low output impedance, work at 400 kHz, and drive ϳ1 A current at 200 V ͑200 W͒. The typical amplitude driven by the amplifier used in these experiments was 40-60 V.
The condition Z out ӶZ sheath must be met. In other words, a significant voltage divider between the probe sheath and driver stage output has to be avoided, otherwise the voltage applied to the probe tip would be a function of plasma parameters ͑local plasma density and electron temperature. This would result in significant perturbations of the T e measurements by plasma density fluctuations. In addition, the RC filter formed by the sheath impedance and the isolating ͑series͒ capacitor must be considered ͑about 200 kHz for these experiments͒. Due to concern about disruptions, TEX-TOR requirements are that the output circuit of the amplifier is electrically isolated up to a voltage of 5 kV. We achieve this requirement by using inductive coupling by means of a transformer. The secondary of the transformer was configured in two different ways, to be discussed later, to reduce capacitive leakage current.
For the variety conditions in the tokamak boundary plasma ͑10 17 m Ϫ3 ϽnϽ10 19 m Ϫ3 and 10 eVϽT e Ͻ100 eV͒, the probe sheath impedance varies typically in the range of 500 ⍀-1 k⍀. Therefore we need Z out Ӷ100 ⍀. The current amplifier used features an output impedance of 50 ⍀ in parallel with a 50 ⍀ load and the primary of the transformer, providing optimal loading conditions for the rf amplifier and resulting in an output impedance of 25 ⍀.
B. Detection stage
Two different configurations of the secondary of the coupling transformer, i.e., the detection winding, were implemented. The two configurations are shown in Fig. 4 . In the first configuration, one terminal of the winding is connected directly to ground and the other to the tip, where the current detection is performed. The second configuration cancels the leakage current produced by the stray capacitance of the coaxial cables inside and outside the vacuum ͑ϳ700 pf͒. In the second configuration, a secondary winding with a central tap is used. One terminal of the secondary is connected to a dummy cable that balances the capacitance of the probe cables, the other terminal is connected to the tip as before and the central tap, where the current detection is performed, is connected to ground.
The detection system should contribute as little as possible to the impedance of the probe current loop as discussed above. Traditionally the detection system used a shunt resistor and precautions had to be taken to isolate the output to protect electronics from tokamak disruptions. These two considerations make preferable the use an inductive currentdetection unit; we have implemented a commercial current sensor, dubbed a Pearson transformer, as our detection coil. The sensor has a bandwidth of 0.1 Hz-3 MHz. The output of the Pearson transformer is fed to a low noise, high bandwidth amplifier followed by the two bandpass filters in parallel. The bandwidth of the filters needs to be chosen as to pass the whole spectral range ⌬f of T e fluctuations (⌬ f Ͻ200 kHz͒; i.e., within the range from f 0 Ϫ⌬ f to f 0 ϩ⌬ f . Passive multipole bandpass filters tuned to the frequencies of the first ͑400 kHz͒ and second ͑800 kHz͒ were commercially built by TTE, Inc. and are designed for a sharp cutoff as shown in Fig. 5 . The filters have a 1/e width of ϳ120 kHz and are matched within 2%, so that the ratio of transmissivities is nearly unity up to, and above, 200 kHz. The frequency range of the T e measurement can thus be somewhat extended.
C. Peak detector
The output of the filters, i.e., the first and second harmonics modulated up to ϳ120-200 kHz, is fed to high bandwidth amplifiers, as seen in Fig. 6 , and subsequently to a peak detector system as shown in Figs. 4 and 6 . The harmonics are half rectified and the amplitude of the resulting signal is detected using a peak detector that uses the sample and hold technique. The full circuit schematic is shown in Fig. 6 . The sample and hold circuit samples the amplitude of the harmonics continuously until it receives a signal to hold the value from the peak detector. The value of the peak is then held as output until a new peak is detected. The circuitry thus samples peak values every 2.5 and 1.25 s for the 400 and 800 kHz channels, respectively.
D. Novel features of the diagnostic
͑1͒ Incorporation of the system on a fast scanning probe at TEXTOR.
͑2͒ Electrically isolated, low output impedance driver stage. ͑3͒ Nonresistive, high-bandwidth current detection. ͑4͒ Use of advanced circuitry, including track and hold peak detection and ultralow noise, high bandwidth amplifiers. ͑5͒ Use of both compensated and noncompensated coupling setup to reduce parasitic currents. ͑6͒ Bandwidth ϳ200 kHz.
IV. MEASUREMENTS
The experiments were performed in TEXTOR ohmic discharges with central averaged-density n e of 1-4 FIG. 7. The measured fist and second harmonic currents as a function of time. The traces are shown as the probe crosses the SOL and up to the time when it enters the core. The second harmonic is lower by a factor of ϳ17.
FIG. 8.
Power spectrum of T e . There is significant power up to ϳ200 kHz where the signal to noise ratio approaches unity.
FIG. 9.
A comparison of T e obtained by the exact solution ͑filled circles͒ and the series approximation ͑open circles͒ is shown in the lower panel. The value of eU 0 /kT e is shown in the upper panel. Vertical lines mar the points at which the ratio eU 0 /kT e is unity ͑i.e., the series approximation loses accuracy͒ and at which the ratio eU 0 /kT e is ϳ3 and the mathematical representation of the probe breaks down completely. The limiter is denoted as a shadowed square.
FIG. 10. Comparison of T e profiles obtained with the harmonics technique
and with a double probe. The profiles agree extremely well up to r ϭ47 cm and start diverging due to the fact that the series approximation breaks down for eU 0 /kT e ӷ1. Another criterion also fulfilled is dӷ e ( e ϭ0.01 mm), where e is the electron Larmour radius. The probe measurements were performed at 1.1 s, during the flattop phase of the discharge. The fast scanning probe was inserted into the plasma up to rϭ43 cm. The raw signals of the first and second harmonics, from the scrape-off layer ͑SOL͒ to the point of furthest penetration, are shown in Fig. 7 . The first harmonic current is highest and increases as the probe penetrates the plasma and reaches a maximum for the time of deepest penetration. The ramp up of the signals represents the saturation current ͑plasma density and temperature͒ and the ratio eU 0 /kT e ͑es-sentially kT e since eU 0 is constant͒ during the travel of the probe across the boundary plasma. The observable fluctuation level in the signals is produced by fluctuations of plasma density, plasma potential, and electron temperature at the probe location in the plasma. However, the ratio of these signals is dependent on electron temperature only as discussed previously.
The temperature was calculated from the exact, Bessel function based, harmonic ratio and also from the series approximation. The power spectrum of T e is shown in Fig. 8 and it extends to ϳ200 kHz as expected. The radial profile of time-averaged electron temperature ͑over 300͒ points, is displayed in Fig. 9 as derived from both the exact and series approximation calculation, where it decreases rapidly from T e ϭ80 eV at rϭ42 cm to 15-20 eV at the limiter radius. The temperature derived from the series approximation is slightly higher than the exact solution for high eU 0 /kT e , as expected. The ratio of eU 0 /kT e is calculated and dislayed in Fig. 9 . When the ratio eU 0 /kT e is approximately 3 ͑at r ϭ46.4 cm͒ a sudden drop in T e is seen, behavior which corresponds to the probe approaching or entering electron saturation and therefore departing from the nonlinear regime that allows the mathematical description deployed in Eq. ͑9͒. The T e data from rϭ45.5 to 50 cm are questionable or invalid since eU 0 /kT e Ͼ1.5.
A discussion of why the valid data is limited only to a fraction of the probe plunge is in order. The amplitude of the oscillating voltage applied to the probe is kept constant. The ratio of applied voltage amplitude to electron temperature is thus lower in the core plasma ͑eU 0 /kT e ϭ0.5 in Fig. 9͒ than in the SOL plasma ͑eU 0 /kT e ϭ1.2-3 in Fig. 9͒ . Ratios eU 0 /kT e higher than ϳ1.5 will result in excursions towards the electron saturation branch and therefore invalidate the model ͓Eq. ͑1͔͒ used to derive the treatment discussed here. Varying the applied voltage to keep eU 0 /kT e within bounds can overcome this limitation as will be discussed later.
A comparison of the T e profile obtained from the harmonics technique and that obtained by a double probe is made in Fig. 10 . The agreement is very good up to r ϭ47 cm, where the series approximation breaks down since eU 0 /kT e Ͼ1.
The normalized root-mean-square fluctuation level of T e , T erms /T e , is presented in Fig. 11 for another discharge. As it follows from the plot T erms /T e varies from 0.3-0.5 in the edge plasma to Ͼ0.5 in the SOL (rϾ46.0 cm). The measured relative level of fluctuations is close to that observed in the boundary plasma of the TJ-1 15 tokamak at T erms /T e ϭ0.4-0.5 and larger than that seen at TEXT 27 at T erms /T e ϭ0.1. A comparison of normalized turbulence levels in the edge and SOL of various tokamak devices, including temperature fluctuations, is presented in Table I . The results obtained with this and other techniques are comparable.
The effect of the level of T e fluctuations observed in TEXTOR on the evaluation of ñ /n from Ĩ sat /I sat can be quantified from
Assuming perfect n T e correlation and anticorrelation and using the values for TEXTOR in Table I we obtain that the error in the determination of ñ /n from Ĩ sat /I sat is Ϫ20% and ϩ30%. This error is of the order of the statistical spread in the data.
V. DISCUSSION AND FURTHER DIRECTIONS
We have discussed the fundamentals of the harmonics technique, limits of applicability, details of a new detection scheme and its ancillary circuitry, and alternative computational schemes. The newest implementation of the technique, in a fast scanning probe with enhanced bandwidth, allows measurements of turbulence in the edge of tokamaks. We have presented and discussed data obtained with the system in the TEXTOR tokamak. The method presented in this article provides a combination of many of the advantages of the single and double probe methods while avoiding some of their drawbacks, namely:
͑1͒ Provides T e with high time resolution. ͑2͒ Requires the use of only one floating probe tip, thus reducing hardware demands while providing high spatial locality. The system operates near the floating potential, with voltage requirements 0.5ϽeU 0 /kT e Ͻ1.5 and operating far from saturation, reducing the power load on the tip and power supply requirements. ͑3͒ The ratio of harmonics, and therefore the measurement, depends on T e only. The influence of other parameters, such as potential or density fluctuations, is ruled out, unlike the double and single probe technique. ͑4͒ No multi-parameter fit to the probe characteristic is required, such as in the fast sweep method, reducing computational demands.
Extension of this work can be done in two areas: ͑1͒ When implementing this technique in a fast reciprocating probe in tokamaks, the dynamic range of T e encountered in a probe plunge is large (T e ϳ5 -150 eV). An apparent dilemma then arises between the need to optimize the signal to noise ratio ͑i.e., increase eU 0 /kT e ͒ and the need to maintain eU 0 /kT e Ӷ1.5 to prevent incursions into the electron saturation branch or the activation of extraneous harmonics. This need can be addressed by adding a feedback loop that maintains 0.5ϽeU 0 /kT e Ͻ1.5, thus preventing saturation of the probe or sensitivity loss.
͑2͒ Bandwidth increase is desirable. The separation between the active harmonics must be higher than twice the desired bandwidth to prevent cross talk between harmonics. In this work, the maximum bandwidth possible is 200 kHz. Increased bandwidth can therefore be achieved by increasing the driving frequency ͑i.e., the distance between consecutive harmonics͒ or by utilizing nonconsecutive harmonics for the measurement. Given the difficulties of using higher harmonics for the measurement ͑i.e., higher frequencies and rapidly decreasing amplitudes͒, it is more practical to increase the driving frequency. A byproduct of increased carrier frequency is the need for a higher effective sampling rate.
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